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cells In indicts dynamic a cin nitromodels the in vivo rates of synthesis and utilization and compartmentation gen metabolism. In many respects these amino acid accumulaof free amino acid pools were determined from 'N labeling kinetics after tions resemble those widely reported to occur in response to substituting acNiammonium and dtNenitrate for the l 4eN salts in the water deficits at the whole plant level ( 12, 35 are consistent with the operation of the glutamine synthetase-glutamate amni um assimiar tond (9, 31) tes tions candbeoapproxsynhas cylein othcel lnes Hwevr, e oul no cnclsivly ammonium assimilation (9, 31) . These equations can be approxsynthase cycle in both cell lines However, we could not conclusively imated by the use of iterative computer simulation models (27) .
discriminate between the exclusive operation of the glutamine synthetase-The latter approach has advantages in considering some of the glutamate synthase cycle and a 10 to 20% contribution of the glutamate complexities of labeling kinetics introduced by compartmentadehydrogenase pathway of ammonia assimilation. Adaptation to water tion of pools (23, 27) . stress leads to increased nitrogen flux from glutamate into alanine and In this paper, we describe some initial data on the nitrogen -y-aminobutyrate, suggesting increased pyruvate availability and in-budgets of control (unadapted) cell lines of tomato (Lycopersicon creased rates of glutamate decarboxylation. Both alanine and 'v-amino-esculentum Mill. cv VFNT-Cherry) and water stress (25% PEG) butyrate are synthesized at rates greatly in excess of those simply adapted cultures of the same variety transferred to their respecrequired to maintain the free pools with growth, indicating that these tive, fresh media substituting ["5N]ammonium and ['5N]nitrate amino acids are rapidly turned over. Thus, both synthesis and utilization for the 4N salts as sole nitrogen sources. The labeling kinetics of rates for alanine and -y-aminobutyrate are increased in adapted cells. the major free amino acid pools were monitored using GC-MS Adaptation to stress leads to increased rates of synthesis of valine and (26) and labeling data analyzed by computer simulation. The leucine apparently at the expense of isoleucine. Remarkably low '5N flux models that we have developed to account for observed '5N flux, via the aspartate family amino acids was observed in these experiments. although tentative, reveal alterations of several metabolic procThe rate of synthesis of threonine appeared too low to account for esses associated with the adaptation of cultured cells to growth threonine utilization in protein synthesis, pool maintenance, and isoleu-on media of low water potential. cine biosynthesis. It copersicon esculentum Mill. cv VFNT Cherry) were grown and maintained as stock cultures as described previously (I10). Growth ofcells was determined by measuring dry weight and fresh weight gain (10) . Cell lines tolerant to PEG induced water stress were obtained by transferring the cells to successively higher concentrations of PEG (10) . In the present investigation cell lines adapted to control media (0% PEG) and 25% PEG were used. These cell lines were maintained for over 250 generations on their respective media before use. Details of the growth characteristics, water relations, and solute compositions of these cell lines have been reported previously (10) .
Administration Transfer of cultures to the '5N medium was performed by methods which minimized transfer shock and associated perturbations of amino acid pool sizes. Cultures were poured onto a sintered glass funnel and medium was allowed to drain slowly without applying suction. At the point of incipient dryness the unadapted cells were resuspended in 35 ml of '4N medium (0% PEG) and diluted into 250 ml of '5N medium; the water stress adapted cells were resuspended in 65 ml of '4N medium and diluted into 500 ml of '5N medium (25% PEG). This led to isotope dilution of the medium to 87% '5N in the unadapted cultures and to 88% '5N in the water stress adapted cultures. Zero time is defined as the time of dilution into the '5N media. Inoculum densities were 85 gfwt L' for the unadapted cultures and 145 gfwt L' for the water stress adapted cultures.
Culture Harvest and Amino Acid Extraction. Aliquots of 25 ml of the suspension cultures were removed at various time intervals; cells were filtered on Whatman No. 4 filter paper in a Buchner funnel and the medium was collected in a glass tube. The cells were then washed three to four times with 2.5 ml of mannitol solutions of osmotic strength equivalent to that of the medium (30.3 g mannitol L' for unadapted cultures and 135.9 g mannitol L[ for water stress adapted cultures). Cells were immediately weighed for fresh weight determination. One-half of the harvested cells was transferred and weighed into a scintillation vial and 10 ml methanol was immediately added. The remaining cells were weighed into a tared glass scintillation vial and dried for 2 d at 70°C for determination of dry weight/fresh weight ratios and microkjeldahl analysis (26) . The methanol extracts were filtered through glass fiber filter paper and cell debris was washed with an additional 20 ml methanol. The 30 ml methanol extracts were stored at -20°C prior to amino acid analysis.
Aliquots of 2 ml of the methanol extracts were phase separated by addition of 1 ml chloroform and 1 ml H20. The upper aqueous layer was rotary evaporated to dryness and redissolved in 1 ml H2O. The aqueous extracts were processed for amino acid analysis as described previously (26) . Amino acids were derivatized as N-HFBI esters as described previously (26) and redissolved in 50 ,l ethyl acetate:acetic anhydride (1:1 v/v) prior to amino acid determination by GLC and MS. No internal standard was used for the present investigations (pipecolic acid [26] is unsuitable as an internal standard for tomato cells because of the presence of pipecolic acid as a component of the free amino acid pool; see "Results and Discussion").
Gas Chromatography and Mass Spectrometry. Aliquots of 1 ,ul of the amino acid derivatives were subjected to GLC as described previously (26) , using an external standard amino acid mixture (Sigma AA-S-18) to derive response factors required for quantitation of amino acid levels. Separate analyses were performed on mixtures of nonprotein amino acids such as GABA, f,-alanine, pipecolic acid, tyramine, and ornithine to obtain response factors and retention times of these components of the free amino acid pool of tomato cells. Amino acid levels are expressed as Amol/gfWt. Each component of the free amino acid pool was identified by chemical ionization and electron impact MS (see below).
Aliquots of 1 Al of the amino acid derivatives were analyzed by in-beam chemical ionization MS using procedures described by Jamieson et al. (14) . The aliquots ofthe amino acid derivatives were applied to a polyimide-coated fused silica probe (14) which is inserted into the mass spectrometer in precise alignment with the electron beam, with ammonia reagent gas flowing both through and around the probe. Bombardment of the sample at the probe tip with electrons at a source temperature of 250°C yields the M + H+ and M + NH4+ ions of each amino acid derivative in the mixture with little fragmentation (where M = the molecular weight of the amino acid derivative). Multiple scans of each sample (over the mass range 300 amu to 650 amu) were acquired for 30 s for each sample. The fused silica probe (30 m x 0.22 mm) is threaded through a stainless steel housing (14) . After each sample the terminal 1 cm of the probe was excised to minimize memory effects. The following is a list of the molecular ions of the amino acid derivatives identified in the tomato cell extracts: glycine (M + NH4+) = 345, alanine and f,- abundance. More precise isotope ratio measurements were obtained by electron impact GC-MS (see below).
Amino acid derivatives in ethyl acetate:acetic anhydride (1:1 v/v) were diluted 10-fold with ethyl acetate prior to analysis of 2 ,ul aliquots by electron impact GC-MS (26) . The following conditions were adopted for the present investigations: column = Separate analyses were performed on the acidic and neutral amino acid fractions to distinguish between glutamate and glutamine-amino N and between aspartate and asparagine-amino N as described previously (26) . Amide '5N abundance of glutamine and asparagine was not determined.
Total Soluble Protein Determination. Total soluble protein was extracted and determined as described previously (10) . Aliquots of the protein extracts were precipitated with TCA (10%) and protein pellets washed with absolute ethanol twice and the protein hydrolyzed in 6 N HCI at 100°C for 18 h. Amino acids in the hydrolysates were determined by GLC as for the free amino acid pools.
Computer Simulation of "5N Labeling Data. Computer simulations were performed as described previously (27) Tables I and II report the free amino acid pool sizes observed in unadapted cell cultures and 25% PEG adapted cell cultures through the time courses of incubation in '5N medium. The pool sizes observed in the present investigations were very similar to those reported previously for these cell lines (10) . Notably the pools ofproline, GABA, alanine, and valine were markedly elevated in the 25% PEG adapted cells relative to unadapted cells. Glutamine was the only amino acid to exhibit a statistically significant decline in level in response to adaptation to 25% PEG. In the present investigations we were unable to detect high levels of methionine in the 25% PEG adapted cells (cf. 10 ), but several nitrogenous constituents were identified (,B-alanine, ornithine, pipecolic acid, and tyramine) (Tables I and II) which were not previously reported (10) . The mean pool sizes of Tables I and II Tables III and IV list the '5N abundances of several of the free amino acids of unadapted and 25% PEG adapted cells, respectively, where levels were sufficient to obtain accurate isotope ratios from GC-MS electron impact fragmentation data. The most heavily labeled amino acid at all times in both cell cultures was glutamate (Tables  III and IV) . Proline was not rapidly labeled in the 25% PEG adapted cells, reaching a '5N abundance of only 20% after 24 h (Table IV) , suggesting that the greatly enlarged proline pool in water stress adapted cultures is not actively turned over. This contrasts markedly with alanine and GABA in 25% PEG adapted cells. Both alanine and GABA became heavily labeled, indicating that these pools are rapidly turned over (Table IV PSCA.
b The mean glutamine pool represents the sum of both glutamine and 2- (Fig. IA) . This rate is just sufficient to sustain the rate of labeling of glutamine-amino N but leaves no glutamate available for other glutamate dependent reactions (Fig. IA) . The combined rate of glutamine and glutamate synthesis (3.0 gmol/h.gfWt) is clearly insufficient to meet the N requirements for growth (4.89 gmol/h .gfwt). It follows that the GDH pathway cannot be the primary pathway of ammonia assimilation in unadapted cell cultures. In contrast, when NH4' assimilation is envisaged to occur via the GS-GOGAT cycle (20, 21, 27) in unadapted cultures a rate of NH4' assimilation of 5.5 Aumol/h.gfwt can be accommodated ( Fig. 1 B) , provided that 77% of the free glutamine pool is envisaged to be a metabolically inactive storage pool, slowly equilibrating with a small metabolically active pool ofglutamine serving as both precursor and product ofglutamate. In water stress adapted cultures a GDH model accounts for a rate of assimilation of NH4' into glutamate of 3.0 ,umol/h gfwt (Fig. 1C) ; only 29% of the NH4' assimilatory requirements of 25% PEG adapted cells and again just adequate to sustain the labeling of glutamine-amino N (Fig. IC) assimilation of 10.0 1imol/h .gfwt is accommodated (Fig. 1D) provided that the storage pool of glutamine is only 37% of the total in 25% PEG adapted cells. These results indicate that adaptation to 25% PEG may entail a selective depletion of a metabolically inactive (storage) pool of glutamine from 5.23 ,umol/gfwt in unadapted cells to 1.0 gmol/gfwt in 25% PEG adapted cells. Although a GS-GOGAT cycle adequately accounts for observed '5N flux, yet, a 10 to 20% contribution to NH4' assimilation via the GDH pathway cannot be eliminated for both cell lines. An equally good fit to the observed data was obtained when GDH was considered to contribute 10% to NH4' assimilation with the remainder assimilated via the GS-GOGAT cycle (results not shown).
It should be noted that in the GS-GOGAT models (Fig. 1 , B and D) some of the glutamine is envisaged to be removed in reactions other than glutamate synthesis (e.g. nucleic acid and protein synthesis) so that the rate ofglutamate synthesis is slightly less than twice the rate ofglutamine synthesis. In unadapted cells the rate of glutamate synthesis is caculated to be (4.8 x 2) ,umol/ h.gfwt of which 5.5 must be reused for glutamine synthesis, leaving 4.1 gmol/h .gfwt available for all-other glutamate dependent reactions. In 25% PEG adapted cells the rate of glutamate synthesis is calculated to be (9.5 x 2) ,jmol/h-gfwt ofwhich 10 must be reused to sustain glutamine synthesis, leaving 9,gmol/ h .gfwt available for all other glutamate dependent reactions. These parameters again place important constraints on further model development since the combined rates of glutamate utilization in aspartate, alanine, GABA, proline, valine, leucine, isoleucine (etc.) syntheses should not exceed 4.1 and 9 ,umol/hgfwt for unadapted and 25% PEG adapted cells, respectively.
(c) Proline and Ornithine Synthesis. When glutamate was envisaged to donate N directly to proline (i.e. via negligible pools of intermediates y-glutamyl phosphate, glutamic-y-semialdehyde and Alpyrroline-5-carboxylate [1, 371) the labeling kinetics of proline were consistent with a net rate of proline synthesis of 0.043 Mmol/h.gfwt in unadapted cells ( Fig. 2A) and 0.43 ,gmol/ h-gfwt in 25% PEG adapted cells (Fig. 2B) of proline (Fig. 2B) (Fig. 2, C and D) . These rates are 8.6-and 17.2-fold lower than the rates of proline synthesis, respectively (Fig. 2, A and B) . Thus, ornithine does not carry sufficient 'IN flux to serve as a major precursor for proline in either unadapted or adapted cells. It follows that a pathway of proline synthesis via ornithine (e.g. the N-acetyl ornithine pathway [1, 37]) is probably not a major contributor to stress-induced proline accumulation in tomato cells. Any appreciable flux of N via ornithine -. arginine -. ornithine --proline (1, 37) would have been revealed by heavy 'sN incorporation into ornithine since the pool sizes of ornithine and arginine are relatively small in comparison to proline in 25% PEG adapted cells. The results appear consistent with the operation of a glutamate pathway of proline synthesis which exhibits a 10-fold increased activity in comparison to unadapted cells on a gfwt basis, but only a 5-fold increased activity on a per gram dry weight basis. This is a surprisingly small increase to account for a 300-fold increase in pool size of proline. As will be discussed in later sections, this is possible only because proline is not rapidly catabolized and 25% PEG adapted cells have a significantly reduced rate of cell expansion (and hence pool dilution rate) (10).
(d) Alanine and y-Aminobutyrate Synthesis. Alanine became heavily labeled at early time points in both unadapted and water stress-adapted cultures. Assuming that alanine receives N directly from glutamate in the glutamate-pyruvate transaminase reaction the rates of synthesis (and utilization) of alanine represent 1.45 and 5.0,mol/h-gfwt for unadapted and water stress-adapted cultures, respectively (Fig. 3, A and B) . In unadapted cells it was necessary to envisage that about 50% of the alanine pool was located in a metabolically inactive pool, whereas in 25% PEG adapted cells only 20% of the alanine pool was located in a metabolically inactive (storage) compartment.
The above calculations suggest that alanine synthesis represents a major metabolic fate of glutamate; over 30% of the glutamate available for amino acid biosynthesis (other than glutamine) is used to sustain alanine synthesis in unadapted cells whereas over 55% of the available glutamate is used to sustain alanine synthesis in water stress-adapted cells. The larger metabolically active pool size of alanine plus the higher flux via alanine in water stress-adapted cells suggests a much higher availability of pyruvate in stress-adapted relative to control cells, assuming operation of glutamate-pyruvate transaminase (28):
Glutamate + pyruvate * alanine + 2-oxoglutarate.
Since the glutamate pool sizes are similar in unadapted and 25% PEG adapted cells (0.844 Amol/gfwt and 1.215 ,umol/gfwt, respectively) a 5-fold increase in pyruvate to 2-oxoglutarate ratio might be sufficient to cause a 5-fold increase in free alanine pool. Note that in the models of Figure 3 glutamate is envisaged to donate N to alanine unidirectionally; in an equilibrium reaction alanine can be transaminated back to glutamate leading to isotope dilution of the free glutamate pool. In the unidirectional models considered so far, the rate of glutamate synthesis could be underestimated since we have not accommodated this reverse flux.
GABA also exhibits increased synthesis rates in 25% PEG adapted cells (Fig. 3, C and D) . Assuming that GABA is derived from glutamate by decarboxylation (25, 36, 38) . then the rates of synthesis of GABA correspond to 0.8 and 2.4 jmol/h-gfwt, respectively, for unadapted and water stress-adapted cells (Fig. 3,  C and D water stress-adapted cells. Thus, the major increase in free GABA pool associated with stress adaptation appears to be in the metabolically active rather than storage component. It is pertinent to note that GABA does not carry sufficient '5N flux to be the sole precursor of alanine assuming the operation of a GABApyruvate transaminase (36) . Nevertheless, it is possible that some of the GABA is utilized to augment the glutamate-pyruvate transaminase reaction. In the latter case rates of glutamate utilization for alanine synthesis may be overestimated.
(e) Branched Chain Amino Acid Synthesis. The labeling kinetics of valine, leucine, and isoleucine are consistent with rates of synthesis from glutamate of 0.10, 0.07 and 0.05 ,umol/h * gfwt in unadapted cells, respectively (Fig. 4, A, C , and E) and rates of synthesis of 0.30, 0.10, and 0.025 1imol/h.gfwt in water stressadapted cells (Fig. 4, B, D, and F) . Thus, there appears to be a preferential increase in flux via the valine and leucine branches of the pathway over the isoleucine branch of the pathway. This again is consistent with an increased availability of pyruvate in 25% PEG adapted cells since pyruvate is the carbon precursor for valine and leucine but not isoleucine. Valine and isoleucine are synthesized by common enzymes utilizing different organic acid intermediates, e.g. 2-oxoisovalerate and 2-oxo-3-methylvalerate, respectively, at the last transamination step (3, 20) . A 3-fold increase in valine synthesis rate associated with a 2-fold decrease in isoleucine biosynthesis rate would require at least a 6-fold increase in 2-oxoisovalerate:2-oxo-3-methylvalerate ratio at the site of action of valine amino transferase. It is difficult to rationalize the 24-fold accumulation of valine and 28-fold accumulation of leucine in PEG adapted cells apparently involving 2-to 3-fold increased synthesis rates, with models of cooperative feedback inhibition ofacetolactate synthase by valine and leucine (3, 19, 20) . Accumulations of valine and leucine should, in principle, inhibit their own syntheses and prevent such accumulations. Altered feedback inhibition characteristics of acetolactate synthase associated with adaptation to water stress needs to be explored. In 25% PEG adapted cells the valine, leucine, and isoleucine pools behave kinetically as single, metabolically active pools. It is possible that acetolactate synthase is located in the plastid (3, 20) and is thus spatially separated from the pools of valine and leucine deduced here.
(I) Aspartate Family Amino Acid Biosynthesis. In unadapted cells the rate of synthesis of aspartate from glutamate was calculated to be 0.3 ,umol/h.gfwt (Fig. 5A) . Adapted cells exhibit an aspartate synthesis rate of 0.4 umol/h-gfwt (Fig. SB) . Thus, there appears to be little increase in the net flux via the aspartate pathways. Examination of individual branches of the aspartate pathway (threonine, asparagine, and lysine) (Fig. 5, C to H) appears to confirm this observation. Rates of synthesis of threonine, asparagine, and lysine were in fact lower in adapted cells than in unadapted cells, even though the pool sizes of these amino acids were larger. A major discrepancy emerges from these results; the rates of threonine synthesis deduced for both 25% PEG adapted and unadapted cells are insufficient to sustain the estimated rates of isoleucine biosynthesis. It is possible that isoleucine derives carbon skeletons (e.g. 2-oxobutyrate [20] ) from sources other than threonine in tomato cells.
Estimated rates of lysine synthesis were extremely low (Fig. 5 , G and H) and apparently inadequate to account for pipecolic acid labeling (35) . For pipecolic acid we have assumed that aspartate is the immediate precursor (Fig. 5, I and J). It is possible that there is an extremely small metabolic pool of lysine serving as precursor to pipecolic acid. In this case the rates of synthesis of lysine could be substantially underestimated. Such a situation cannot yet be eliminated for threonine as an intermediate in isoleucine biosynthesis. However, since '5N/'4N isotopic ratios can be detected down to a level of about 1% '5N (26) such minor metabolic pools would have to be less than 1% of the total free pools ofthese amino acids in order to escape detection as separate kinetic entities in the '5N labeling curves.
(g) Glycine and Serine Synthesis. Rates of synthesis of serine (assuming glutamate to be the N donor) were calculated to be 0.30 and 0.14 umol/h.gfwt, respectively, for unadapted and water stress adapted cells (Fig. 6, A and B) . These rates greatly (>3-fold) exceeded the observed rates of glycine synthesis (Fig.  6 , C and D) again assuming glutamate to be the precursor of glycine. For the operation of a photorespiratory nitrogen cycle, rates ofglycine synthesis should exceed those ofserine by a factor of 2 since two glycines generate one serine (16, 20) . Glycine synthesis rates are clearly inadequate to account for those of serine assuming a photorespiratory pathway. The absence of such a pathway in tomato suspension cultures is not surprising since the cultures are nonphotosynthetic. However, we may have slightly underestimated glycine synthesis rates if glutamate, alanine, and serine all donate N to glycine (16, 22) .
(h) Aromatic Amino Acids. Of the aromatic amino acids, complete '5N labeling data were acquired only for phenylalanine which appeared to be synthesized at rates of 0.025 and 0.02 Mmol/h.gfwt in unadapted and adapted cells, respectively (Fig.  6, E and F) . It seems likely that the amine, tyramine, observed in the free amino acid pools (Tables I and II) cant changes in these ion ratios occurred during the 48 h labeling periods in either culture (results not shown). Estimates oftyrosine and tyramine synthesis rates were therefore not possible.
(i) Net Rates ofGlutamate Utilization in Amino Acid Biosynthesis. As noted earlier, glutamate utilization rates should not exceed glutamate synthesis rates. For unadapted cells, the combined rate of glutamate utilizaton in proline, ornithine, valine, leucine, isoleucine, GABA, alanine, aspartate family, glycine, seine, and phenylalanine syntheses is 3.243 umol/h .gfwt versus 4.1 umol/h .gfwt available for all glutamate dependent reactions other than glutamine synthesis (see section [b] above). Thus, in the case of unadapted cells the calculated rate of glutamate synthesis appears adequate to sustain all glutamate dependent reactions with 0.9 ;tmol/h-gfwt remaining for amino acid synthesis such as tyrosine which have not been considered. Obviously, some of this remaining glutamate must also be used for protein synthesis.
For 25% PEG adapted cells the combined rate of glutamate utilization in proline, ornithine, valine, leucine, isoleucine, GABA, alanine, aspartate, glycine, seine, and phenylalanine syntheses is 8.865 grmol/h gfwt which is only slightly less than the 9.0 gmol/h .gfwt calculated to be available for this purpose (see section [b] above). Considering that the rate of glutamate synthesis in adapted cells could be underestimated if alanine is reversibly transaminated to glutamate and that glutamate utilization rates could be over estimated if GABA augments alanine synthesis (see section [d] above), then these balance sheets of glutamate synthesis and utilization do not appear grossly incompatible with one another. This represents an important test of the models developed so far, since if glutamate utilization rates had greatly exceeded the estimated rate of glutamate synthesis, then this would have invalidated the underlying assumptions. Further independent tests of the models become possible when we consider amino acid pool maintenance and protein synthesis requirements of the cell cultures (see below).
Amino Acid Utilization. In a steady state the rate of synthesis of an amino acid should be equal to the rate of utilization of the amino acid (31) . Utilization rates can be partitioned into three discrete components: pool maintenance with growth (i.e. the expansion flux [15] ), protein synthesis requirements, and catabolism (the latter including other biosynthetic reactions involving the specific amino acid, such as decarboxylation or transamination). The pool maintenance requirements can be calculated from the free amino acid pool sizes (Tables I and II) and doubling  times (Table V) , and protein synthesis requirements can be calculated (assuming negligible protein turnover) from doubling times, total soluble protein content, and protein amino acid composition (Table VI) Calculations of these utilization components are summarized in Tables VII and VIII for unadapted and 25% PEG adapted cells, respectively. A negative catabolism rate indicates that the observed synthesis rate was inadequate to sustain pool maintenance and/or protein synthesis and such negative values define obvious inadequacies in our model(s) (i.e. underestimation of steady state synthesis rate). In unadapted cells the only discrepancies were observed for phenylalanine and lysine (Table VII) . In 25% PEG adapted cells, however, we appear to have underestimated rates of synthesis of asparagine, glycine, isoleucine, leucine, lysine, phenylalanine, pipecolic acid, and threonine ( Table VIII) . Note that five of these matabolites are in the aspartate family (including isoleucine). One possible explanation for these discrepancies could be unaccounted compartmentation of the aspartate family amino acids in adapted cells where the true metabolic pools are undetected because their size is too small (less than 1% of the free pools) to be recognized as separate components in the '5N labeling curves. The occurrence of protein turnover (which we have assumed to be negligible) would lead to isotope dilution of all free amino acids (the smaller the free pool size, the larger the dilution) and hence underestimation of synthesis rates (6) . However, this would also lead to underestimation of protein synthesis requirements. It is possible that protein amino-N is specifically channeled into the aspartate pathway leading to selective underestimation of flux via the aspartate family amino acids.
Despite these discrepancies it is clear that the rates of proline synthesis in both unadapted and water stress adapted cells are just sufficient to sustain pool maintenance and protein synthesis requirements. In 25% PEG adapted cells the pool maintenance requirement for proline is large; 0.343 ,mol/h-gfwt (Table VIII) .
There is little evidence for any major increase in rate of proline catabolism (e.g. proline oxidation) associated with adaptation to water stress. Proline catabolism rates represent 8% of synthesis rate in unadapted cells and 4.7% in adapted cells (Tables VII  and VIII) . Control of proline accumulation in response to water stress may reside primarily at the level of synthesis in these cells, although it is clear that regulatory mechanisms must also operate to restrict proline oxidation (12, 13, 29, 34, 37) .
Valine also exhibits a large pool maintenance requirement in 25% PEG adapted cells (Table VIII) Tables II, V, and VI. ex, exogenous.
' Rate of uptake of NH4 (,umol/h.gfwt).
rates for valine are 0.058 ,umol/h.gfwt in unadapted cells (Table   VII) and 0.0745 ,mol/h-gfwt in adapted cells (Table VIII) .
GABA, which has no protein synthesis requirement, is clearly actively catabolized in both unadapted (0.785 jmol/h.gfwt) (Table VII) (13, 29, 34) . Most of the proline synthesized is used for pool maintenance in stress adapted cells. This renders proline a highly effective osmotic solute since lack of turn over allows the metabolite to accumulate at minimal cost of synthesis. A 300-fold elevated proline pool is achieved from a 10-fold increase of synthesis rate.
3. Valine and leucine accumulate as a result of 2-to 3-fold increases in synthesis rates at the expense of isoleucine. 4 . GABA and alanine exhibit marked increases in both synthesis and utilization rates, implying substantial alterations in carbon flux via pyruvate and succinate.
Further work is required to investigate the possible role of cytoplasmic pH in these amino acid accumulations and alterations of N flux and whether certain metabolic adjustments (e.g.
GABA and alanine accumulation) are a direct result of osmotic stress or an indirect result of partial anaerobiosis induced by PEG (17, 36) . Direct [7, 25] , tyrosine decarboxylation and polyamine synthesis [8] ) may be under the control of pH and may themselves serve a role in intracellular pH control (25) . But note that the biochemical pH stat may only be a fine-tuning device in relation to the biophysical pH stat regulating transport of ions in relation to growth (33) . Much work remains to be done to integrate these N budgets with C budgets and ion transport characteristics.
The models developed to account for 'sN flux suggest that adaptation to water stress in tomato cells leads to a decrease in metabolically inactive, storage pools of the majority of the amino acids as percentages oftheir total pools. It is tempting to speculate that these storage pool depletions reflect decreases in vacuolar pool sizes relative to cytoplasmic pool sizes (24, 28) , which would have obvious implications for cytoplasmic osmotic adjustment required for growth on media of low water potential (39) . To address the amino acid compartmentation characteristics of these cell lines in more detail it would be useful to determine the'5N labeling kinetics of the amino acid residues of protein. This would provide insight as to the specific isotopic abundance of the cytoplasmic amino acid pools serving as precursors for protein (31) , as well as information concerning rates of protein turnover (6) .
Although these investigations shed light on the cellular mechanisms of adaptation of tomato cells to water deficits induced with PEG, it should be cautioned that these mechanisms may be implemented, especially to the degree that we observe, only because the cells in suspension culture have unrestricted supplies of both C and N. At the whole plant level both C and N inputs may be substantially curtailed under water deficits (12) and may be specifically channeled to certain cells within the plant (e.g. the meristems) (2 (10) .
